Hearing loss is a pervasive global healthcare concern with an estimated 10% of the global population affected to a mild or greater degree. In the absence of appropriate diagnosis and intervention it can become a lifelong disability with serious consequences on the quality of life and societal integration and participation of the affected persons. Unfortunately, there is a major dearth of hearing healthcare services globally, which highlights the possible role of telehealth in penetrating the underserved communities. This study systematically reviews peer-reviewed publications on audiologyrelated telehealth services and patient=clinician perceptions regarding their use. Several databases were sourced (Medline, SCOPUS, and CHINAL) using different search strategies for optimal coverage. Though the number of studies in this field are limited available reports span audiological services such as screening, diagnosis, and intervention. Several screening applications for populations consisting of infants, children, and adults have demonstrated the feasibility and reliability of telehealth using both synchronous and asynchronous models. The diagnostic procedures reported, including audiometry, video-otoscopy, oto-acoustic emissions, and auditory brainstem response, confirm clinically equivalent results for remote telehealth-enabled tests and conventional face-to-face versions. Intervention studies, including hearing aid verification, counseling, and Internet-based treatment for tinnitus, demonstrate reliability and effectiveness of telehealth applications compared to conventional methods. The limited information on patient perceptions reveal mixed findings and require more specific investigations, especially post facto surveys of patient experiences. Tele-audiology holds significant promise in extending services to the underserved communities but require considerable empirical research to inform future implementation.
Introduction
T he field of audiology encompasses prevention, assessment, and rehabilitation of hearing, auditory function, balance, and other related systems. 1, 2 With an estimated 642 million people in the world affected to a mild or greater degree, and 278 million to a moderate and greater degree, hearing loss is clearly a significant global healthcare concern 3 with pervasive and farreaching consequences. If not identified and treated early, children with hearing loss may suffer lifelong disability due to developmental delays in language, literacy, academic achievement, and social wellbeing. 4, 5 Hearing loss in adults tends to isolate and stigmatize them, leading to poor social participation and severely restricting vocational opportunities, as evidenced by significantly higher under-and unemployment. 6 Hearing loss is therefore reported as one of the most significant contributors to the global burden of disease.
holds significant promise in improving healthcare access, quality of service delivery, and the effectiveness and efficiency of services. Employing different models of telehealth service delivery in audiological practice, such as synchronous (real-time), asynchronous (store-and-forward), and hybrid models, may improve the reach of audiological services to underserved communities globally. 13 Professional bodies in audiology have proposed tele-audiology as a valid means of delivering services, but more studies are necessary to ensure these services are comparable to face-to-face service provision.
14, 15 The aim of this study was to review the current body of peer-reviewed publications on available empirical studies of audiology-related telehealth services and patient=clinician perceptions regarding its use.
Materials and Methods
To perform a systematic review of tele-audiology, a search was conducted for articles in peer-reviewed journals reporting empirical investigations related to audiological services with a telehealth component or patient=clinician perceptions of telehealth for audiological services. There was overlap between audiological and otological practices in the area of otoscopic examinations. Any report within the scope of the review, whether related to otology or audiology, was therefore considered for inclusion. The exceptions included cases where a microscope=endoscope was used at the remote site, because audiologists typically do not use these devices; studies specifically related to medical diagnoses of ear disease; and reports providing comparison between devices. All relevant reports published until May 31, 2009 , were included.
A varied search strategy was employed to extract relevant peerreviewed reports in English from several databases as illustrated in Appendix I. The Medline database was searched using three distinct strategies: (1) using MeSH terms to search for reports related to audiology and telemedicine, (2) searching for audiology-related reports in telemedicine journals, (3) searching for telemedicine-related reports in audiology-related journals. The SCOPUS database, which also covers Medline, was searched using a combination of terms related to audiology and telemedicine occurring in the same report. The third database searched was CINAHL, for which main subject words relating to audiology and telemedicine were used as identifiers. This multipronged approach covering multiple databases with variations in search strategy was employed to maximize the coverage and to cross-check results. Reference lists in the reports finally selected for review were subsequently surveyed to identify any additional report applying to the scope of the study that was not obtained through the database searches.
The reports selected for review were carefully studied and subsequently categorized according to four criteria specifying their scope of relevance: (1) audiological screening, (2) audiological diagnosis, (3) audiological intervention, and (4) patient=clinician perceptions. Table 1 describes the search results according to the procedural steps applied. We reviewed the abstracts of 261 reports to determine if they were in any way relevant to the scope of the study. Sixty-three reports indicated some relevance and these were subsequently reviewed. A total of 25 articles were identified to be directly within the The reports were divided into four categories as illustrated in Table 2 . The majority of reports were concerned with diagnosis, while two exclusively considered patient perceptions related to teleaudiology. Three of the reports on intervention also included a section on patient perceptions. A variety of audiological procedures or techniques were used across the categories of screening, diagnosis, and intervention in a combination of synchronous, asynchronous, and hybrid models.
Results

Discussion
AUDIOLOGICAL SCREENING
Five reports on audiological screening using telehealth configurations were identified. Screening procedures included pure tone audiometry, tympanometry, oto-acoustic emissions (OAE), and automated auditory brainstem response (AABR) used in populations varying from infants to adults. Three reports described self-test screening procedures; two of these used speech-in-noise screening and one described pure tone audiometric screening. [16] [17] [18] Smits and colleagues 16 reported on the development and validation of a speechin-noise screening procedure using triple digits and an adaptive procedure that can be used reliably over the telephone and computer headsets. They subsequently reported on a national self-screening program in the Netherlands using this test to screen large numbers of adolescents and adults using the telephone (n ¼ 6,351) or Internet (n ¼ 30,260). 17 The participation in this program was high, but the elderly population used the telephone-based test in preference to Internet-based screening. The compliance of the Internet-based test was compromised because few people (31%) used headphones, which are necessary for a more reliable and valid screening. A self-test, Internet-based, pure tone audiometry screening procedure was reported by Bexelius and colleagues. 18 This proof-ofconcept study screened patients by determining threshold frequencies between 500 and 8,000 Hz as against a more conventional screening criterion that assesses hearing at a preset intensity across a limited range of frequencies. This study tested the members of a hunting organization and reported poor participation in the self-test, but demonstrated that Internet-based hearing screening tests can be performed. Self-test, Internet-based screening is, however, confounded by the lack of control over environmental variables at the remote test site, such as noise levels and transducer type, which makes these procedures no better than a preliminary screening. Validated procedures such as the triplet speech-in-noise test used in the Netherlands may be more useful. All these procedures may ultimately improve public awareness regarding the risks of hearing loss and the importance of hearing healthcare. The other two reports on audiological screening compared faceto-face screening with remote screening of infants using AABR and OAE 19 and of young children using otoscopy, pure tone audiometry, and tympanometry. 20 A synchronous setup using videoconferencing and application sharing was used to screen infants remotely. The onsite audiologist prepared the tests and conducted two face-to-face assessments, while the remote audiologist conducted one test. The tests were randomized and testers were blind to the results. Telehealth screening provided exactly the same results as face-to-face screening, and comparison of distortion product OAE (DPOAE) amplitudes showed these were equivalent within typical test-retest reliability limits. The second report compared telehealth hearing screening with on-site screening of 32 children in a rural elementary school. Otoscopic examination and pure tone testing were conducted synchronously, while tympanometry was interpreted asynchronously in a store-and-forward model. The testing was counterbalanced to avoid an order effect, and examiners were blinded to each other's results. The interpretation of otoscopy and tympanometry were identical, and screening responses on pure tone audiometry were perfectly correlated in 188 of 193 frequencies tested. These differences translated to four false-positive and one false-negative screen results using telehealth. However, in the context of the large number of frequencies tested, this did not constitute a statistically significant difference. The authors note that although similarly high test sensitivity values were obtained for face-to-face and remote screening, the test specificity for pure tone audiometric screening may be slightly less for a telehealth setup.
AUDIOLOGICAL DIAGNOSIS
Four of the 12 reports on audiological diagnosis investigated hearing evaluations using pure tone audiometry in a sound booth or sound-treated room from remote locations. [21] [22] [23] [24] All studies were performed on adult subjects using air conduction audiometry (250-8,000 Hz; octave frequencies), and one also used bone conduction audiometry (250-4,000 Hz; octave frequencies). Two of the four studies reported on the same data set. One of these was a preliminary report, and therefore only the second report was considered. 21, 22 This study by Givens and Elangovan 22 compared air (n ¼ 45) and bone conduction (n ¼ 25) pure tone thresholds determined using conventional face-to-face audiometry with thresholds determined through remote synchronous audiometry. The remote audiologist controlled the conventional audiometer through a control unit, which was accessed through the Internet from a remote personal computer (PC) or handheld device (unspecified distance and bandwidth). Audiologists were blind to results from the remote or face-to-face settings, and the testing order was counterbalanced. Mean differences between thresholds obtained with the two methods varied by no more than 1.3 dB for air and 1.2 dB for bone conduction, and Pearson correlation coefficients across frequencies varied between 0.82 and 0.97. Statistically there was no significant difference between test results from the remote versus face-to-face methods.
22
In a similar experimental setup, Choi and colleagues 23 compared face-to-face audiometry using a PC-based audiometer with remote testing (1 km distance) over the Internet (broadband, unspecified bandwidth) on 12 adult subjects with normal hearing capabilities. Threshold comparisons revealed a difference of more than 5 dB in only 10.7% of cases (18=168) and none differed by more than 15 dB.
Comparisons for this same sample between face-to-face audiometry on the PC-based system and on a conventional audiometer revealed a smaller percentage (3.7%) of differences exceeding 5 dB. The fourth study also used a PC-based audiometer remotely controlled via application sharing software with interactive videoconferencing for communication to test 30 adult subjects. 24 Audiologists were blind to results in the face-to-face and remote test methods. The order of tests were rotated to avoid an order effect, and remote testing was conducted from a distance of 1,100 km. No statistically significant difference was noted between the two methods, and the thresholds corresponded within 5 dB of each other in 97% of cases. A comparison of face-to-face threshold values yielded 99% correspondence. 24 The only speech audiometric procedure reported with relevance to telehealth has been the Hearing-in-Noise-Test (HINT). A comparison of face-to-face evaluations to remote testing through the same local area network and a different, more remote Internet connection was reported for a group of 20 adults. 25 The means and standard deviation for each test condition from both test sites were within the normative data reported for HINT, except for one instance where the difference in means between tests sites was less than 1 dB, indicating the reliability of performing HINT via a telemedicine configuration. Three studies of video-otoscopy facilitated through telemedicine applications were included in the review, even though all examinations were conducted by physicians as opposed to audiologists. [26] [27] [28] The first study compared the interpretation of face-to-face microscopic examinations of the ear canal and tympanic membrane to video-otoscopic still images of 40 subjects, including adults and children. 26 The still images were reviewed at 6 and 12 weeks post face-to-face examination, and findings were compared between the test conditions and between two independent examiners. Observations on video-otoscopic still images and microscopy were compa-
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TMJ-2009-0111-Swanepoel_4P.3D 02/12/10 4:21pm Page 4 rable (88% concordance), which corresponded to the concordance between independent face-to-face examinations (84%). A follow-up study found the concordance between video-otoscopic images of the tympanic membrane taken in remote clinics and in-person microscopic examinations for follow-up care in children aged 1-16 years (70 ears) following tympanostomy tube placement. 27 Two otolaryngologists conducted the face-to-face examinations and also examined the images at 8 and 14 weeks postexamination. Image quality was rated adequate or better in 79% of cases, and the majority of poor-quality images (50%) were of 2-year-olds, who accounted for 26% of the total number of cases. Analyses revealed a high level of concordance between face-to-face microscopic examinations and corresponding image reviews. The authors concluded that videootoscopy image reviews of the tympanic membrane are comparable to an in-person examination for assessment and treatment in followup care for tympanostomy tubes. 27 A similar study on 66 children (127 ears) compared face-to-face otoscopy to digital images interpreted 1 month later, which revealed significant agreement ( p < 0.05) between clinically important observations. The agreement between otological recommendations from images and face-to-face examinations was also statistically significant ( p < 0.01), although the rates of referrals were 4-16% higher. 28 A significant correlation was also reported between image quality and age of the subject, with better quality images generally reported for older children. Reports of tele-audiology using objective measures of auditory functioning have included DPOAE, ABR, and intraoperative monitoring. 24, 29, 30 A study investigating the correspondence between DPOAE measures recorded remotely (through desktop sharing software and interactive video) and face-to-face assessments in 30 adult subjects demonstrated that there were essentially no differences between the findings. 24 An overall agreement of 97-99% was reported across frequencies (2,000, 2,500, 3,000, 4,000, and 5,100 Hz) and was comparable to the agreement between face-to-face assessments, which was 97% on average. In a comparison between remote ABR recordings using desktop sharing software and face-to-face recordings in a group of 15 adults, comparable wave latencies within the clinically allowable range of variability were obtained. 29 Recordings included ABRs elicited with toneburst (500 and 3,000 Hz) and broadband click stimuli presented at 55 and 75 dB. No significant effect as a result of different test sites was reported, and the results suggested that remote test was as reliable as face-to-face testing. Remote intraoperative evaluation of the cochlear implant device and responses to electrical stimulation was recently reported as a time-saving, practical, and cost-efficient option. 30 Desktop sharing software was used to conduct and time four sequential remote monitoring sessions followed by four sequential on-site monitoring sessions. Remote testing was easily performed and lasted 9 min on average compared to 93 min required for on-site testing.
Other reports include a remote consultation for a balance disorder and the use of online forms for tinnitus evaluations. Only one report was sourced in regard to balance assessment through telemedicine. 31 This single case study demonstrated the feasibility and success of a remote consultation using a two-way digital video and audio network for assessing a patient with benign positional vertigo. The use of cameras allowed for viewing the patient's eye movements, which were essential to the diagnosis. A report on the use of an online evaluation form for anxiety and depression related to tinnitus was included as part of a diagnostic tinnitus assessment to measure the self-perceived effect of tinnitus on life activities and functioning. 32 Online forms completed by 157 adult patients were compared to questionnaires completed on paper and with pencil by other patients, revealing that online forms provide meaningful and valid data. The Internet group data was mostly equivalent although slightly higher, and no statistically significant results were obtained. The authors suggest that the differences may be due to less inhibition given the anonymity of an online form.
AUDIOLOGICAL INTERVENTION
A sequence of four reports on Internet-based cognitive behavioral self-help treatment for tinnitus was presented by the same research group in Sweden. [33] [34] [35] [36] The treatment program was a self-help manual constructed following cognitive behavioral principles and included 10 components presented in six modules on a weekly basis for 6 weeks. This self-help program was presented on Web pages, and weekly diaries were submitted to follow progress and give feedback. Outcome measures included several questionnaires and ratings of tinnitus-related handicap, reaction, anxiety, depression, and insomnia (e.g., Tinnitus Reaction Questionnaire and Tinnitus Handicap Inventory) conducted before treatment, after treatment, and at 1-year follow-up. The first report compared a randomized controlled trial of Internet-based cognitive behavior therapy to conventional cognitive behavioral therapy in a waiting-list control group for distress associated with tinnitus. 33 Participants receiving treatment via the Internet improved to a significantly greater extent than the control group, with 29% demonstrating an improvement of at least 50% on the Tinnitus Reaction Questionnaire as opposed to 4% in the control group. However, dropout rate in the treatment group was much higher, almost 51% compared to almost none in the control group. A single case report subsequently illustrated the process of Internetbased cognitive behavioral therapy. 34 A follow-up nonrandomized clinical study reported on the efficacy of Internet-based treatment in 35 Significant reductions in distress associated with tinnitus were evident, and at 3-month follow-up the patients had remained improved. The dropout rate was 30% and primarily attributed to time constraints. Based on the feedback and clinical experience obtained from these studies, the authors redeveloped the program to improve retention and treatment outcomes and subsequently published a follow-up controlled trial incorporating these changes. 36 Main changes included expanding the self-help text; having participants define their own treatment goals and set priorities for free time required for treatment before commencement; encouraging participants to plan homework assignments on the Web site; providing more detailed and personalized instructions and registration sheets for printing; considerably expanding the Internet diaries for reporting homework assignments; allowing participants to choose if, and when, to start with some of the less general treatment tools; and ensuring that the Web site was informative regarding expectations. Both treatment groups (Internet-based vs. group cognitive therapy) yielded significant positive results with no significant differences in main outcome measures. The results were relatively stable at 1-year follow-up. The attrition rate was lower than for previous Internet-based treatments for tinnitus, 35 and the method was 1.7 times as cost-effective as conventional group treatment. The only peer-reviewed empirical report on hearing aid fitting and verification was recently published by Ferrari and BernardezBraga. 37 The authors compared probe microphone measurements conducted remotely to verify hearing aid performance to face-toface measurements in a group of 60 adults. This was facilitated by a telehealth setup that included application sharing software, interactive desktop videoconferencing, and a facilitator at the remote site to place the probe and make necessary adjustments. The remote measures significantly correlated with face-to-face measures at all frequencies and the differences varied by only 0-2.2 dB, which corresponds to clinically accepted between-measure variability on probe microphone verification. Some previous reports have, however, discussed the remote fitting and verification of hearing aids through telehealth, but these were either not published in a peer-reviewed journal or did not describe an empirical study. 38,39 Wesendahl 38 described the possibility of initial fitting, fine tuning, and follow-up for programmable hearing aids through telehealth applications using a special GSM handheld device (combination of a mobile phone and a hearing programmer) in real acoustic environments. Subsequently, Ferrari 39 reported on the successful remote fitting of hearing aids through application sharing software and interactive desktop videoconferencing in a group of adults.
TELEHEALTH APPLICATIONS IN AUDIOLOGY
Other rehabilitation components of audiological intervention facilitated by telehealth include counseling and cochlear implant mapping. A qualitative multiple case study described an Internet-based counseling program for new hearing aid users through daily e-mail interchanges for 1 month provided by an audiologist. 40 The data were acquired from interviews, analyses of e-mail interchanges, and from audiological files. Results indicated that this was a powerful communication medium for observing changes in behavior and perception of new hearing aid users. The immediacy of e-mail enabled timely response to concerns. A randomized study recently compared on-site cochlear implant programming to remote cochlear implant mapping in a group of five adults. 41 Twelve remote cochlear implant mapping sessions and 12 face-to-face sessions were completed at four intervals. Each interval was separated by 3 months in a randomized order with performance evaluations after each of the initial 3-month intervals (all subjects did not participate in the first level). Authors report that remote programming through application sharing proceeded without incident and that no significant differences were evident between the programs established for each subject on each programming day (M-1, M-8, and M-16 values were used for comparison; M ¼ the most comfortable level; 1, 8, and 16 denote the electrode number). In addition, remote and standard recorded threshold neural response imaging values were very similar (not tested statistically). The performance of subjects on either a standard or a remote program after 3 months also showed no statistically significant difference in freefield threshold values (0.25, 0.5, 1, 2, and 4 kHz) or in disyllabic open word test scores. Therefore, no significant differences between remote and face-to-face cochlear implant programming were evident.
PATIENT AND CLINICIAN PERCEPTIONS
Five reports contained some mention of patient perceptions, of which only two exclusively surveyed patient perceptions and attitudes toward audiological practices related to telehealth. 35, 36, [41] [42] [43] The first surveyed 116 adult patients attending four audiological clinics in Australia regarding their attitudes toward telemedicine and willingness to make use of tele-audiological services. 42 Although 45% of respondents had used the Internet for health-related matters, only 25% had been aware of telemedicine previously. Overall, 32% were willing to use telemedicine, 10% would sometimes be willing, 28% were unsure, and 30% were not willing. These findings indicate that tele-audiology is still a foreign concept to many patients especially in this sample, where more than 46% of respondents were 65 years and older. 42 The limitation of the study was that respondents had not experienced tele-audiology and were therefore only commenting on their perceived notions of a telemedicine consultation.
SWANEPOEL AND HALL
TMJ-2009-0111-Swanepoel_4P.3D 02/12/10 4:21pm Page 6
In another study, 202 adult respondents with hearing loss from the United Kingdom, Germany, and the Netherlands indicated their preference for a self-test screening via a questionnaire, telephone, or the Internet. 43 The respondents were generally enthusiastic about the prospect of self-screening but generally preferred a questionnaire to the Internet, which was preferred to the telephone. The majority of subjects were older than 65 years and were also less likely to be positive about Internet-based screening for hearing. Interestingly, respondents reported trusting results from a questionnaire-based screening more than those from an objective screening procedure although there was sufficiently high trust in objective procedures to fulfill the intention of a screening test-to seek medical assistance. Responses differed among the three countries, but the vast majority of respondents found the prospect of having their hearing screened from home acceptable. 43 Other reports were primarily intervention-related with a component concerning patient perceptions included. In a report on remote cochlear implant programming, subjects indicated the same satisfaction on the remote and face-to-face sessions, but one in three remote sessions lasted too long as opposed to face-to-face sessions. 41 Also, in 2 of the 12 remote sessions subjects reported some discomfort and requested the stimulation to be stopped as opposed to the faceto-face sessions.
In a randomized clinical trial of a self-help, Internet-based treatment program for tinnitus based on cognitive behavioral therapy principles, patients were surveyed before treatment commenced on their beliefs about whether the treatment will help them or not (treatment credibility).
35 Surprisingly, no differences were found in patient preferences or credibility ratings between traditional (faceto-face) and self-help Internet treatments. In a follow-up clinical trial with some adjustments made to the Internet-based program, the credibility rating for the Internet treatment was significantly lower than for the conventional group-based cognitive behavioral treatment. 36 This was attributed to the timing of the questionnaire administration, which was collected before randomization when participants had less knowledge about the treatment they were to receive (as opposed to the previous clinical trial). In addition, participants were asked to rate the credibility of both treatments instead of rating only the assigned treatment. Further, the authors propose that the actual importance of these findings may be questionable because treatment credibility and preference did not affect outcome.
Conclusions
Peer-reviewed empirical studies on tele-audiology are limited in number, but the scope of utilization of this technology spans various areas of audiological service delivery including screening, diagnosis, and intervention. Several screening applications for populations consisting of infants, children, and adults have demonstrated the feasibility and reliability of screening facilitated through telehealth using both synchronous and asynchronous models. The diagnostic procedures reported, including audiometry, video-otoscopy, OAE, and ABR, confirm clinically equivalent results for remote, telehealthenabled tests compared to conventional face-to-face versions. Further, the few reported intervention studies using telehealth, such as hearing aid verification and Internet-based treatment for tinnitus, demonstrate reliable and effective applications of telehealth compared to conventional face-to-face methods. The very limited information on patient perceptions reveal mixed findings and require more specific investigations, especially post facto surveys of patient experiences. To date, no reports describe audiology clinicians' perceptions of tele-audiology services. Although initial findings are promising, significant research on audiological practice and education facilitated through telehealth is required as highlighted by the limitations in the depth and breadth of current reports. The majority of these studies on audiological diagnosis and intervention were conducted on adults, and many audiological areas of practice have not been applied through telehealth means. No protocols and service delivery models are currently specified for specific populations, and the current understanding of patient and clinician perceptions is poor and incomplete. Further, important issues such as financial costs and resources for tele-audiology within existing healthcare infrastructures and models remain to be addressed by systematic investigations and cost-analysis studies. Current reports are almost exclusively from research-funded studies and not from existing service delivery mechanisms where healthcare funding models are employed. Although initial evidence suggests that significant cost savings are possible across the scope of audiological services, these must be quantified and potential funding sources=models identified. In developing countries, where medical resources are scarce and telehealth promises cost-efficient access, such studies are particularly important, along with models of funding these services. 44 Table 3 summarizes the priority areas for future research and development in tele-audiology to address some of these limitations. As a field in its infancy much work remains to be done to develop and validate tele-audiology as a means of delivering services and for providing training and education. The global absence of hearing healthcare for the vast majority of people with hearing loss raises a moral obligation to pursue ways of penetrating the underserved communities with audiological services. Tele-audiology holds the unique promise of bridging this gap by delivering services through the expanding reach of global connectivity.
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